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We show that TeV-scale black holes produced in colliders are relatively very long-lived and, since
they must be electrically neutral, they cannot be detected directly. However, either they escape from
the detector and carry away a large amount of energy or in rare instances they slowly decay via the
Hawking process giving rise to an isotropic (almost steady) flux of particles (a \star") inside the
detector. Both events can be easily recognized and the latter would be an unmistakable signature
for a black hole in extra dimensions. We also discuss the possible formation of naked singularities,
for which although no clear phenomenology is yet available, one expects a sudden decay without a
clear signal to distinguish them from other intermediate states.
PACS: 04.70.Dy, 04.50.+h, 14.80.-j
The current interest in the possibility that there exist large extra dimensions [1,2] is based on the attractive
features that the hierarchy problem is by-passed by identifying the ultraviolet cuto with the electroweak energy
scale EW (without ancillary assumptions to achieve radiative stability) and that, since the fundamental scale of the
theory is EW , predictions drawn from the theory such as deviations from the 1=r2 law of Newtonian gravity can be
experimentally tested in the near future. In the extra-dimensions scenario all of the interactions, gravity as well gauge
interactions, become unied at the electroweak scale. This means that if the model is viable, particle accelerators
such as the CERN Large Hadron Collider (LHC), the Very LHC (VLHC) and the Next Linear Collider (NLC) will
be able to uncover the features of quantum gravity as well as the mechanism of electroweak symmetry breaking.
The large-extra-dimension scenario also has signicant implications for processes involving strong gravitational
elds, such as the formation and decay of black holes (B.H.s). Since the fundamental scale of quantum gravity is now
pulled down to order EW , black holes can be produced with mass of a few TeV which behave semiclassically [3,4].
Since this energy scale will be available in the forthcoming generation of Colliders, they might then become black hole
factories [5,6]. Black holes in 4 + d extra dimensions have been studied in both compact [7{9] and innitely extended
[10] extra dimensions (see also [11] and references therein). The basic feature of black hole production is that its
cross section is essentially the horizon area of the forming black hole and grows with the center of mass energy of the
colliding particles as a power which depends on the number of extra-dimensions [3]. Although the high non-linearity
of the describing equations and the lack of a theory of quantum gravity hinder a fully satisfactory description of this
process, there are good reasons to believe in the qualitative picture outlined above [3{6].
Once the black hole has formed (and after a possible transient, or \balding" stage [5]), Hawking radiation [12]
is expected to set o. The phenomenon of black hole evaporation has been described within the context of the
microcanonical ensemble in four space-time dimensions [13,14] and in the context of compact extra-dimensions [1] in
Refs. [8,9]. Our starting point is the idea that black holes are (excitations of) extended objects (p-branes), a gas of
which satises the bootstrap condition. This yields a picture in which a black hole and the emitted particles are of
the same nature and an improved law of black hole decay which is consistent with unitarity (energy conservation).
The use of the microcanonical picture leads quite straightforwardly to the conclusion that the evaporation process
in the presence of extra-dimensions is much slower than predicted by the canonical picture [9]. Estimates of the
grey-body factor further strengthen this conclusion [9]. On applying the results of Ref. [9] to the cases of interest,
we shall show that a black hole produced in a collider would be much longer lived than is assumed in the existing
literature [5,6], thus profoundly changing the expected phenomenology.
It is also important to note that such tiny black holes could be generated only provided their electric charge is
zero, otherwise they would be naked singularities (N.S.s). This follows straightforwardly from observing that charged




(2 + d) (1 + d)
2
; (1)
where ~Q and ~M are the charge and mass in geometrical units. The condition in Eq. (1) is obviously violated by an
object with mass of order a few TeV and charge equal to (fractions of) the electron charge, for which ~Q= ~M  108.
The phenomenology of naked singularities is likely rather dierent from that of black holes, as they are generally
expected to explode in a very sudden event instead of evaporating via the Hawking process (at least in an early stage;
see, e.g., [17] and Refs. therein).
To summarize, the following two cases might occur in a collider such as the LHC,
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where X++ denotes a set of particles whose total charge is twice the proton charge and Y 0,+ a set of particles with
vanishing total charge or with one net positive charge.
In a four-dimensional space-time, a black hole might emerge from the collision of two particles only if its center
of mass energy exceeds the Planck mass mp. In fact, mp is the minimum mass for which the Compton wavelength
lM = h=M of a point-like particle of mass M equals its gravitational radius RH = 2 GN M . For energies below mp
the very (classical) concept of a black hole would lose its meaning.
If the space-time is really higher dimensional (and the d extra dimensions are compact and of size L), then the
relation between the mass of a spherically symmetric black hole and its horizon radius is changed to [16]
RH ’
(
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; (3)
which holds true for black holes of size RH  L or, equivalently, of mass
M Mc  mp L
lp
: (4)
We can now establish the range of energy for which the resulting black hole can be described semiclassically by the
above Eq. (3), that is
lM  RH  L : (5)
The left hand inequality ensures that the black hole behaves semiclassically and one does not need a full-fledged
theory of quantum gravity, while the right hand inequality guarantees that the black hole is small enough to be
approximately spherically symmetric in all 3 + d spatial dimensions.














2+d γ mp  10−16 γ mp M Mc ; (7)
where we also used the fact that d = 1 is ruled out by present measurement of GN [1] and relatively high values of d
seem to be favored (see, e.g., Refs. [15]). For γ  1 (i.e., M(4+d) of order 1 TeV), the left hand side above is of order
1 TeV as well. For concreteness, in what follows we shall consider masses in the range 1 TeV< M < 10 TeV.
The time evolution of the mass of a (small) spherically symmetric black hole in 4 + d dimensions can be obtained
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where A(4+d) = S(4+d) R2+dH is the horizon area, the sum runs over all S particle species available at energy ! and




d as a constant of order 1 (see however
Section II.C in [9] and below and Ref. [6] for more details on the value of S = S(!)). The occupation number density
for the Hawking particles in the microcanonical ensemble is given by [9]























where [[X ]] denotes the integer part of X and C = C(!) encodes deviations from the area law [13] (in the following
we shall also assume C is a constant in the range of interesting values of M). In the limit M !1, nd(!) mimics the
canonical ensemble (Planckian) number density.
Ld






FIG. 1. Decay rate for a small black hole in increasing number of extra dimensions (d = 0 uppermost curve, d = 4 lowest
curve) for L/lp ∼ 1. Vertical units are arbitrary.
Upon substituting the above number density inside the integral in Eq. (8) and using the denition of Mc, one
















(d + 4)Md+4 ; (10)
where  is the Riemann zeta function. The integral appearing in the above formula can be easily performed numerically
for values of L=lp  1 and any d  0, and one obtains the decay rates plotted in Fig. 1.
However, as can be seen from Eq. (6), the ratio L=lp  1 and the integral above then requires a suitably tuned













then the integral in Eq. (10) can be approximated as
Id(M) ’ (d + 4)Md+4
NX
n=1
fl,M,d(xn) (xn+1 − xn) (12)
where N is the number of integration points xn which are an ordered sequence of values in the interval (0; 1). For
M  1! 10 TeV a rapid convergence of the integral occurs for N  100 and xn = 1− 1=n. However, for M Mc a
grid most of whose points occur in a very narrow neighborhood of 1, such as xn = 1−10−n, is required. On including
the factor of the horizon area A(4+d) one then obtains for the (unnormalized y) luminosity the values given in the
second, third and fourth columns of Table I z for d = 2; : : : ; 6.
It is already quite clear that the luminosity of a tiny black hole that could be produced in an accelerator is very
small. In fact, in order to determine the normalization for the luminosity, one can assume that for M ’Mc the black
yThe luminosity as dened by Eqs. (8) and (9) is determined up to the constant C and the grey-body factors Γ(s)d .
zWe warn the reader that the luminosity Ld(Mc) is subject to a great indetermination due to the high numerical precision
required for its evaluation (numerical integration was performed using Maple 7).
3
hole looks four-dimensional and is massive enough so that the standard result of Hawking applies. Hence, for any
M < Mc, one has
Ld(M) ’ Ld(M)Ld(Mc) L0(Mc)  Rd(M)L0(Mc)
’ Rd(M)LH0 (Mc) ; (13)








and Rd(M) is displayed in the fth and sixth columns of Table I. These results yield the normalized luminosity in
Table II (where we also display the luminosity at M = 10 TeV as computed in the canonical ensemble for comparison).





= −Ld  −104 TeVs : (15)
In the range 1 TeV< M < 10 TeV the luminosity can thus be considered as roughly constant and the black hole






M  10−3 s : (16)
The above relatively large time does not take into account the true dependence of the grey-body factor Γ(s)d on d nor
the actual number S of particle species into which the black hole can decay. The latter would increase the luminosity
by a factor S  10 ! 100 [6]. However, as we showed in Ref. [9], another eect of the extra dimensions on small
black holes is the rapid decrease of Γd for increasing d due to the potential barrier which develops outside the horizon
(e.g., already for d = 4 one gets Γ4  0:05 for s-waves and, of course, signicantly smaller values for non-zero angular
momentum modes [18]). This (possibly over-)compensates for the factor of S and one therefore expects that Eq. (16)
represents a lower bound on the life-time of a small black hole. On considering that the typical time resolution of the
detectors involved in modern accelerators is of a hundred picoseconds, T is practically innite and one does not really
need a more precise estimate.
Since any black hole produced in an accelerator must be electrically neutral, and since they will be relatively
long lived, the detection of the lighter ( 1 TeV), highly relativistic black holes will depend upon the ability of the
detectors to measure the missing transverse momentum or the missing mass accurately enough to prove the existence
of a massive neutral particle. In the relatively rare occurrence that a light black hole decays in the detector the demise
of the black hole would begin with production of light particles (electrons, positrons, neutrinos and γ-rays) followed
by a \star" away from the beam direction consisting of all of the standard model particles. This argument implicitly
assumes that, once the fundamental (TeV) scale has been reached, the black hole continues to evaporate. However,
it is also possible that the radiation simply switches o at that point and the small black hole escapes as a stable
remnant. Limits to such a case should come, e.g., from estimates of the allowed density of primordial black holes [19].
If heavy ( 10 TeV) black holes are produced, they will be moving slowly and will quite likely decay (at least down
to about 1 TeV) in the detector producing a \star" of particles at the collision point. However the cross section for the
production of such heavy black holes is very small [6]. The most easily recognized signature for black hole decay would
thus be an isolated \star" with an excess of light particles which keeps shining for a time of the order of milliseconds
or longer (according to Eq. (16)), an event which could hardly be mistaken.
As we showed in the introductory paragraphs, black holes in this mass range cannot be charged because the charge-
to-mass ratio would be too large to allow the formation of a horizon. The result could then be a naked singularity,
an event which would probably be indistinguishable from particle production in an ordinary collision, with the naked
singularity (possibly) behaving as an intermediate, highly unstable, state (we recall that all known charged massive
particles are naked singularities in general relativity if viewed as being point-like). We should however add that the
present literature does not reliably cover the case of such tiny naked singularities and their actual phenomenology is
an open question.
A naked singularity is basically a failure in the causality structure of space-time mathematically admitted by the
eld equations of general relativity. Most studies have thus focused on their realization as the (classical) end-point of
the gravitational collapse of compact objects (such as dust clouds) and on their stability by employing quantum eld
4
theory on the resulting background. However, one might need more than semiclassical tools to investigate both the
formation by collison of particles and the subsequent time evolution [17]. In particular, to our knowledge, no estimate
of the life-time of a naked singularity of the sort of interest here is yet available.
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d Ld(Mc) Ld(10 TeV) Ld(1TeV) Rd(10TeV) Rd(1TeV)
2 3× 10−384 1× 10−352 6× 10−352 1033 1032
3 5× 10−375 3× 10−354 2× 10−353 1021 1021
4 1× 10−387 6× 10−371 2× 10−370 1017 1017
5 1× 10−406 1× 10−393 2× 10−393 1013 1013
6 2× 10−430 1× 10−418 2× 10−419 1012 1011
TABLE I. Unnormalized luminosity of small black holes in d extra dimensions in the microcanonical picture.
d Mc LH0 (Mc) Ld(10TeV) Ld(1TeV) LHd (10TeV)
2 1047 10−31 102 10 1030
3 1042 10−17 104 105 1026
4 1039 10−11 106 106 1024
5 1038 10−9 104 104 1023
6 1037 10−7 105 104 1022
TABLE II. Critical mass Mc (in TeV) and normalized luminosity (in TeV/s) of small black holes in d extra dimensions in
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